Introduction
The simple chaotic inflation model with potential λφ 4 in the Einstein frame [1] is conclusively ruled out by the data due to the high level of the tensor-to-scalar ratio r which it predicts. Meanwhile the same model λφ 4 , which includes the non-minimal gravitational coupling ξφ 2 R/2 in the Jordan frame, makes a dramatic comeback and is in perfect agreement with the Planck2013 data [2] for ξ/2 10 −3 [3, 4] , see Fig. 1 .
Effects of non-minimal coupling to gravity on inflation has received a lot of attention over the years [5] [6] [7] [8] [9] [10] [11] [12] . The recent revival of interest to these models was related to the possibility that the Higgs field of the standard model may play the role of the inflaton [6, [8] [9] [10] [11] [12] , which would require λ = O(1) and ξ 1. However, the inflaton does not have to be a Higgs field, its quartic coupling λ is not constrained by the standard model phenomenology. Therefore λ can be small, which means in turn that the non-minimal coupling ξ does not have to be large. It is amazing that adding to the Lagrangian the term ξφ 2 R/2 with a minuscule coefficient ξ/2 > 10 −3 is sufficient to make the simple chaotic inflation model λφ 4 viable. Thus one may wonder whether there is something special about the model λφ 4 with nonminimal coupling to gravity. The model λφ 4 /4 − ξφ 2 R/2 with conformal coupling ξ = −1/6 was often studied in the cosmological literature of the 70's, because of its conformal invariance, which simplified investigation of classical and quantum evolution of scalar fields in the conformally flat Friedmann space. However, with invention of inflationary theory this model was practically abandoned because it did not lead to inflation. A related problem was also found in the context of the string theory KLMMT model of inflation [13] where the conformal coupling of the D3 brane makes the realization of the slow-roll inflation more complicated: the D3-brane in a highly warped region is dual to an almost conformal four-dimensional field theory and the scalar field describing the motion of the brane is conformally coupled.
The theory λφ 4 /4 − ξφ 2 R/2 with ξ ≥ 0 leads to inflation [1, [5] [6] [7] [8] , but the original conformal invariance of the theory ξ = −1/6 is now broken explicitly by the term ξφ 2 R/2. Moreover, the theory λφ 4 /4 with ξ = 0 is ruled out by observations, and until recently it was not easy to implement models with ξ = 0 in the context of supergravity. In the standard textbook formulation of supergravity, all scalars automatically have minimal coupling to gravity, ξ = 0. This may have implied that the models with non-minimal coupling to gravity are incompatible with supersymmetry. If correct, it would be a strong argument against cosmological models with non-minimal coupling.
A solution of this problem was found few years ago [9] [10] [11] [12] . In particular, in collaboration with Ferrara, Marrani and Van Proeyen, we reformulated supergravity in a way that provides a better link to its hidden superconformal symmetry [10, 12] . This allowed us to introduce non-minimal coupling of scalars to gravity and to implement Higgs inflation scenario in supergravity.
The presentation of our results in [10, 12] required extensive use of advanced supergravity formalism. In addition, if one wants to force the standard Higgs boson to play the role of the inflaton, as suggested in [8] , one can do it only in rather advanced phenomenological models such as NMSSM. These complexities could obscure basic qualitative ideas of our approach and physical motivation of some of the cosmological models which we developed. Therefore in this paper we will take a step back, relax the requirement relating the inflaton field to the Higgs field, and describe our method and the resulting models in a more intuitive way.
We will focus here on the identification of symmetries of superconformal theory, some of which become flat directions of the supergravity potential for ξ = 0. This feature of the superconformal models has been already used in practical inflationary model building in [14, 15] . In this paper the issue of enhanced symmetries will be studied in the context of the critical points of the parameter ∆, the deformation parameter of the canonical superconformal model (CSS) described in Appendix A.
Our starting point is an old observation that the model with a single real conformal scalar (conformon) with the Lagrangian
12 R(g) is equivalent to pure Einstein theory. Indeed, this theory is invariant with respect to conformal transformations g µν = e −2σ(x) g µν , χ = e σ(x) χ. Therefore without any loss of generality one can simply take χ = √ 6M P . One may regard it as a spontaneous breaking of conformal symmetry, which reduces this theory to the standard Einstein theory of gravity.
Following [12] , we will begin Section 2 with a description of a closely related conformally invariant model of two real scalar fields, the inflaton φ with the potential λφ 4 , and the conformon χ. Just as in the example given above, the model will be invariant under local conformal transformations, but this invariance will be spontaneously broken if one considers a constant solution of equations of motion for the conformon field, χ = √ 6M P . We will explain that this simple model does not describe inflation unless we change the value of the parameter ξ = −1/6. It is hard to do so in the model of a single real inflaton field φ without breaking conformal invariance explicitly.
Fortunately, one can do it in a theory of a complex scalar field φ and a complex conformon 1 as we will show in Section 3. In this case, the parameter ξ corresponding to the nonminimal coupling of the inflaton multiplet to gravity still has the conformal value ξ = −1/6 in the coupling of φφ to the curvature. However, one can add terms with coupling ∆ of the following structure
This means that the parameter ξ takes two different values for the real and imaginary parts of the field φ [12] :
By taking ∆ = ±1/6, one can make ξ = 0 either for the real part of the filed φ, or for the imaginary one. For ∆ = 1/6
and vice versa for ∆ = −1/6, ξ re = −1/3 , ξ im = 0.
By increasing |∆| just 2 · 10 −3 beyond its critical value |∆| cr = 1/6, one can reproduce the values of the coupling ξ ≥ 0.002 required for the successful inflationary scenario compatible with Planck observations, see Fig. 1 . This modification, supplemented by a proper modification of kinetic terms in the action, leaves the underlying action conformally invariant for an arbitrary ∆. Once again, this invariance is spontaneously broken by the conformon field. Local conformal invariance of the model with the non-vanishing ∆ studied in Section 3 is quite non-trivial; it is possible only if scalars, including a set of physical scalars as well as an extra conformon field, form an embedding Kähler geometry where the Kähler potential has a particular Weyl weight.
We were able to construct this model by making a certain simplification of our investigation based on supergravity. In fact, it was supergravity that provided the original motivation for this work. Indeed, conformal invariance plays an important role in the formulation of supergravity. It was known [16] how to make supergravity locally scale invariant from the early days of this theory. The full compensating supermultiplet was first added to supergravity in [17] , in superfields, and in [18] , in components, to promote its symmetry to the superconformal one. This added not only local scale invariance but also other local symmetries: U (1) R symmetry, special conformal symmetry and special supersymmetry.
The general formulation of N = 1 supergravity often starts with the superconformal theory [17] - [20] . If in a superconformal theory with − 1 6 N (X,X)R coupling to gravity [20] , one makes a choice that the Kähler potential of the embedding space is constant, N (X,X) = −3, one derives the standard textbook formulation of supergravity with 1 2 R in the action (minimal coupling), [17] - [23] . Once this step is made, the theory is formulated in the Einstein frame, all scalars have minimal coupling to gravity, and the superconformal origin of supergravity becomes well hidden. The new supergravity textbook [24] offers a detailed superconformal derivation of supergravity.
In [10] we performed an alternative gauge-fixing of the superconformal theory, which allows to derive the supergravity action in an arbitrary Jordan frame, with physical scalars coupled to gravity in the form Φ(z,z)R. This provided a complete locally supersymmetric theory for scalars with a nonminimal coupling to gravity. In this new framework, we identified in [12] a particularly simple class of supergravity models, canonical superconformal supergravity (CSS) models, see Appendix A in this paper. In these models, with local supersymmetry, the kinetic terms in the Jordan frame are canonical, and the scalar potential is the same as in the global theory. The pure supergravity part of the total action has a local Poincaré supersymmetry, whereas the chiral and vector multiplets coupled to supergravity have a larger local superconformal symmetry.
In this context, inflation in the theory λφ 4 with nonminimal coupling to gravity appears in the most natural way, as a single parameter deformation of CSS, defined by a parameter ∆. The superconformal version of the λ 4 φ 4 − ξ 2 φ 2 R is presented in Section 4. We discuss the phenomenology of our model in Section 5.
Let us reiterate the main reason why we developed these models instead of simply adding a term ξ 2 φ 2 R to the theory: We wanted to implement inflation in supergravity, and we did not want to break conformal symmetry of the theory explicitly. One of our goals was to preserve conformal symmetry, and break it spontaneously, in the least invasive way by ∆ deforming a CSS model, when the conformon field acquires a nonzero vacuum expectation value.
Conformally invariant model for real scalars
Following [12] , we will begin our discussion with a simple conformally invariant toy model of gravity and two real scalar fields, φ and χ:
The field χ(x) is referred to as a conformal compensator, which we will call 'conformon' [20] . This theory is locally conformal invariant under the following transformations:
Note that the kinetic term of the conformon χ has a wrong sign. This is not a problem because there are no physical degrees of freedom associated with it; the field χ can be removed from the theory by fixing the gauge symmetry (2.2). If we choose the gauge χ(x) = √ 6M P , the φ-terms in (2.1) reduce to the Einstein action. The full Lagrangian in the Jordan frame is
3)
It consists of two parts, the Einstein Lagrangian
2 , which is not conformally invariant, and the conformally invariant theory of the canonically normalized scalar field φ,
As we already mentioned, theories of this type played a very important role in the development of particle physics and cosmology many decades ago. One of the main reasons is that the Friedmann universe is conformally flat. By making a conformal transformation, one could represent equations of motion of the scalar field in the Friedmann universe in terms of equations of motion of a conformally transformed field in Minkowski space. This is a tremendous simplification for investigation of classical and quantum processes in an expanding universe.
The theory (2.1) is unique if we require that the local conformal symmetry of the φ part of the action, which has canonical kinetic terms, should be preserved after the gauge fixing. It is determined by the condition that the conformon χ(x) is decoupled from the inflaton field φ(x). The trace of the energy-momentum tensor of the φ field vanishes on shell and there is no inflation. If we would change the factor in front of φ 2 R, it would be possible to get a model with inflation. However, this would break the conformal invariance symmetry of the original model (2.1) explicitly.
In the models of single component real fields χ and φ one cannot easily modify the coefficient in front of the term φ 2 R while maintaining conformal invariance of the original model. In the next section we will show that one can do it in a model of two complex scalar fields, along the lines of the superconformal models studied in [10, 12] . As always in supersymmetry, the two complex scalar fields will form a Kähler manifold. When such a Kähler manifold is flat, one finds the expected conformal coupling. However, when the Kähler manifold is curved, the action remains conformal invariant, as long as the conformon is not fixed. The curvature of such a Kähler manifold is associated with the parameter ∆ which will play an important role in our model. The deviation of |∆| from its critical value of |∆| cr = 1/6 will provide a possibility for the quartic inflaton potential to agree with the experiment, since ξ = |∆| − |∆| cr .
A Bosonic Conformal ∆-Model: Simplified Superconformal Model
Our starting point is one of the superconformal models discussed in [10, 12] . However, we simplify it here so that the model has only a local conformal symmetry 2 .
We do not require local supersymmetry and local special supersymmetry, when fermions are added, we do not require a local U (1) R symmetry and a local special conformal symmetry for the bosonic action. Therefore we do not have to construct the potential from the superpotential and we do not need the gauge fields for the local U (1) R symmetry. Both of these facts lead to a significant simplification of the conformal model, we introduce below, comparative to the superconformal models in [10, 12] .
We consider two complex scalars, the conformon X 0 and the inflaton X 1 . The relevant ∆-deformed CSS action with local conformal symmetry is the following 
The action can be given in the form
Here the ∆-deformed kinetic terms for scalars are
4)
The action (3.1) is invariant under local conformal transformations
under condition that the potential V (X,X) is homogeneous and second degree in both X and X. For example, one can take
but one can consider other potentials as well.
The two complex scalars X I ,XĪ form a Kähler manifold with metric in eq. (3.4), and connection and curvature given, by 8) where
In presence of ∆ the connection and the curvature of the Kähler manifold do not vanish, at ∆ = 0 the Kähler manifold is flat, the connection and curvature vanish and we recover an undeformed CSS model:
10)
It coincides with the toy model (2.1) for real fields X 0 = χ/ √ 2 and
Enhanced symmetries of the Kähler potential of the embedding manifold
Here we replace ∆ by ±(ξ + 1/6)
For positive ∆ we have a case N X,X + , for negative ∆ we have a case N X,X − .
At ξ = −1/6 (∆ = 0) the Kähler potential has an enhanced SU (1, 1) symmetry.
The second symmetry becomes manifest at ξ = 0 (∆ = ∆ cr = ±1/6). In this case one can represent N X,X ± as follows:
For ∆ = +1/6, this potential is invariant under the transformation with a real parameter Λ,
For ∆ = −1/6, the potential in invariant under the transformation with an imaginary Λ,
This transformation mixes the inflaton X 1 with the conformon X 0 . In terms of the homogeneous coordinate z = X 1 /X 0 , for ∆ = +1/6 this symmetry is a shift symmetry in the real direction 16) and for ∆ = −1/6 it is symmetry with respect to shift in the imaginary direction
For supergravity applications, this means that for ∆ = +1/6 the Kähler potential does not depend on the real part of the field Φ, which can be identified with the inflaton field in this context. Meanwhile for ∆ = −1/6 the Kähler potential does not depend on the imaginary part of the field Φ, which can be identified with the inflaton field for ∆ = −1/6.
To summarize, the embedding Kähler potential as a function of ∆ = ±(ξ + 1/6) has two critical points with enhanced symmetry
• maximal enhanced symmetry, undeformed CSS model ∆ = 0, ξ re = −1/6, ξ im = −1/6
• double critical point of enhanced symmetry, ∆ = ∆ cr = ±1/6 ξ re/im = 0, ξ im/re = −1/3
It is the second case with ∆ = ∆ cr = ±1/6, ξ re/im = 0, the case of a 'critically deformed CSS model' allows a nice interpretation of the Planck2013 data presented in Fig. 1 , assuming that we can use ∆ ≈ ±1/6 for the ξ ≈ 0 for the inflaton.
Spontaneous breaking of conformal symmetry
Now we proceed with the analysis of the equations of motion of the locally conformal model (3.1) with the potential (3.7). Note that this locally conformal model does not have a single dimensionful parameter. To solve equations of motion of the conformal model (3.1) we may use an ansatz for the conformon
This ansatz may be associated either with the gauge-fixing of the local Weyl-R-symmetry of the superconformal action, or viewed as a part of a solution of all field equations following from the superconformal action. In this latter case, one may think of the origin of the Planck mass M P in this model as a spontaneous breaking of Weyl symmetry, via solution of equations of motion, since M P does not appear in the original locally conformal action (3.1). With the ansatz (3.18) the action simplifies and becomes a part of the supergravity action
Note that the only dependence of the model on M P enters in the Einstein action 1 2 M 2 P R, the rest of the action does not depend on M P .
We see that the coupling − 1 6 X 1X 1 R is still conformal, but the holomorphic and antiholomorphic couplings ∆ 2 (X 1 ) 2 + (X1) 2 R will change coupling with gravity for the real and imaginary part of
(3.20) The model has symmetry
We make a choice ∆ ≥ 1/6 + ξ > 0 where the model has a minimum at ϕ 2 = 0 and it is reduced to
where ϕ 1 ≡ ϕ. Thus, starting with spontaneously broken conformal symmetry, we have reproduced the model λ 4 φ 4 − ξ 2 φ 2 R studied recently in [3, 4] , as well as the Higgs inflation models [6, [8] [9] [10] [11] [12] where ξ is a parameter of a non-minimal coupling to gravity. The difference is that in all these models, but [10, 12] conformal symmetry was absent (i.e. broken explicitly). The new interpretation of the parameter ξ in our superconformal model with the embedding Kähler potential (3.11) is that at ξ = 0 the Kähler potential has an enhanced symmetry (3.14), (3.15) between the inflaton and a conformon.
Explicit Proof of Conformal Symmetry of the Action with Arbitrary ∆
Here we would like to explain why the action (3.3) has a local conformal symmetry for an arbitrary parameter ∆. This is rather surprising from the point of view of the models with scalars conformally coupled to gravity, which were studied in the cosmological literature in the past. This action has a local conformal symmetry (3.6). The Kähler potential of the embedding manifold 3 N (X,X) is required to have the following properties [20] , [10, 12, 24] .
23)
The space-time curvature scalar in four dimensions transforms as follows under local conformal transformations of the metric [25] 
where D µ implies the general covariant derivative. The infinitesimal form of the local conformal transformations is
Therefore in the variation of the action we only need to keep the terms of the first order in σ(x). Thus
We have to deal with terms depending on derivatives of σ since all terms without derivatives on σ clearly cancel. Thus we have to look at
from the first term in (3.3) and at
from the second term in (3.3). From this term we extract only a term with derivatives on
We may rewrite this term, up to total derivatives, as follows
The first term in this expression, using (3.23), can be given in the form 32) and it cancels the contribution from the curvature term (3.28). The remaining term from the variation of the kinetic energy of scalars is
To prove that it vanishes we need to use the fact that G IJ = N IJ and note that due to (3.24)
This completes the proof that all terms in the variation of the action (3.3) depending on derivatives of σ(x), for small σ(x) cancel. One can also check that terms with 6g µν ∂ µ σ∂ ν σ from the R-variation in (3.25) cancel from scalar kinetic terms with account of the relation (3.23).
For x-independent σ the symmetry of the action (3.3) is trivial since N (X,X) is homogeneous of first degree both in X and inX. Therefore each term in (3.3) is scale-invariant for constant σ. However, for local conformal transformations (3.26) the symmetry of the action is valid due to cancellation of the contributions from the curvature terms and scalar kinetic term. The precise deviation of kinetic terms from the canonical ones in −N IJ ∂ µ X I ∂ µXJ due to ∆ compensates the variation of the curvature terms due to ∆ terms in − 1 6 N R. It remains to confirm that our model (3.2) indeed, satisfies the crucial properties of the Kähler potential of the embedding manifold, given in eqs. (3.23), (3.24) . One can either check them directly, or notice that these properties follow from the property of the Kähler potential to be homogeneous first degree in X and inX:
where a is an arbitrary complex number.
∆-Deformed Canonical Superconformal Supergravity Model

The role of Goldstino
The major difference between the bosonic conformal model above and the superconformal model, which we will describe here, is that in addition to a conformon X 0 and inflaton X 1 = Φ we need one more superfield X 2 = S, a Goldstino.
The complete gravity-scalar part 4 of the SU (2, 2|1) invariant superconformal action [10, 12, 20] has a gravity part, kinetic terms for scalars and a potential. Ignoring fermions, it is given by
Here, the U (1) R symmetry covariant derivative is
where the local special conformal symmetry has been already gauge-fixed via the b µ = 0 condition, and A µ is a gauge field of the the local U (1) R symmetry. As above,
, however, the F-term potential
must be constructed from the superpotential since it originates from the solutions for the auxiliary fields for the chiral multiplets. Each superfield X I includes a scalar, a spinor and an auxiliary field F I whose value is defined by the derivatives of the superpotential F I = G IJWJ ,
In the absence of fermions the action (4.1) has a local conformal and local U (1) R-symmetry, which is part of the superconformal SU (2, 2|1) symmetry. This means that the action (4.1) is invariant under the following transformations:
The chiral multiplets in our model X I , include the compensator field X 0 , the inflaton X 1 = Φ and the Goldstino superfield X 2 = S
The role of the conformon field X 0 in the action is to support an unbroken superconformal symmetry. During inflation the conformon breaks spontaneously the Weyl symmetry and the R U (1) symmetry when equations of motion of the superconformal theory are solved with an ansatz X 0 =X0 = √ 3M P . The inflaton and Goldstino together break spontaneously the local supersymmetry when the solution of equations of motion has a non-vanishing auxiliary field F S (Φ) ≡ ∂W ∂S = 0. The potential during inflation depends on the inflaton as
under condition that the superpotential is linear in S. We will find that during inflation S direction is indeed a Goldstino direction since only in S direction the auxiliary field F S is not vanishing [14] ,
The reason for this is that in our class of models the scalar field S vanishes during inflation. Therefore the bosonic conformal model of the previous section provides a simplified version of the full superconformal model.
Superconformal generalization of the model
In Appendix we present a CSS model which even after local conformal symmetry is spontaneously broken via the Einstein term, still provides a conformal coupling of the inflaton to gravity. However, this model does not support inflation, unless we break the superconformal symmetry of the inflaton.
Fortunately, one can preserve important advantages of canonical superconformal supergravity models and describe inflation if one supplement the Kähler potential and the superpotential by certain terms some of which vanish on inflationary trajectory. Here we present the simplest model of this type [12] :
1. We deform a flat SU (1, 2) Kähler manifold of a canonical model (A.1) for our 3 superfields, X I = (X 0 , Φ, S) andXĪ = (X0,Φ,S) as follows
This means that the kinetic terms G IJ = N IJ for all multiplets in general are not canonical, except η ΦΦ = 1 which remains canonical since the ∆-terms have a holomorphic and an antiholomorphic dependence on Φ. Note that ∆ = ±(ξ + 1/6) where ξ is an essential parameter relevant for the physics of the model. The ζ term is required for the stability of the S = 0 extremum of the potential [11, 12] . During inflation this term does not contribute to a cosmological evolution since it vanishes at S = 0.
2. We keep the same cubic superpotential W(Φ, S) = √ λ S Φ 2 as in the canonical model, and it is X 0 independent. The bosonic part of the ξ-model superconformal action is
Now both Φ as well as S do interact with the conformon X 0 when ξ = −1/6 and ζ = 0.
If we gauge-fix the conformon, X 0 =X0 = √ 3M P , which corresponds to a spontaneously broken superconformal symmetry, the gravity part will be the same as in (A.6), 1 2 M 2 P (R + 6A µ A µ ) and will depend on M P . However, the action of Φ and S will change. Instead of the canonical superconformal action (A.5) we find
In this form the maximal enhanced symmetry on the gravity coupling to matter is manifest
where we recover the CSS model
We may rewrite the matter/gravity coupling in the form which makes a minimal enhanced symmetry manifest at
In this form at ξ = 0 the symmetry is Φ → Φ + Λ andΦ →Φ +Λ with Λ =Λ at the positive critical point ∆ = ∆ cr = 1/6 and Λ = −Λ at the negative critical point ∆ = ∆ cr = −1/6. This symmetry is broken at ξ = 0.
The cosmological evolution of this model during inflation was studied in earlier papers [10-12, 14, 15] where it was concluded that there is a minimum of the potential for positive or negative ∆ at
We are interested in small values of ξ which make this model in agreement with Planck data starting with ξ ≥ 2 · 10 −3 . Already at ξ = 0.1 the model reaches the regime of large non-minimal coupling ξ and does not change significantly anymore when ξ is increasing and the coupling λ is adjusted. A stability in the S direction for such small values of ξ is easy to achieve with ζ ≥ 1/6.
Note that the dependence on M P in (4.12) via the term with ζ and via G SS and G ΦΦ disappears at S = 0 at the inflationary trajectory. In this sense the model λ 4 φ 4 − ξ 2 φ 2 R a minimal deformation of the CSS model. We will discuss the case of more general models, where all other deviation from CSS lead to explicit dependence on M P in the inflaton action even during inflation.
As a result, the effective action for the inflaton at the minimum (4.17) 18) where the real or the imaginary part of Φ is related to a single scalar φ by a factor of 1/ √ 2. Along the inflationary trajectory with S = 0 the supergravity model discussed above coincides with the bosonic model discussed in Section 3.
Thus, once again, we reproduced the inflaton potential of the type proposed in [6, [8] [9] [10] [11] [12] . However, now this model became a part of supergravity, and it has an underlying superconformal symmetry, which is broken spontaneously. The supergravity version of this model is described by the physical moduli space Kähler potential and superpotential in M 2 P = 1 units in the Einstein frame with (φ 1 + iφ 2 ) in K + case is at S = φ 2 = 0 and in K − case is at is S = φ 1 = 0. Thus the coupling of a single real field φ in the action (4.18) is recovered from supergravity with (4.19) and (4.20) . This supergravity originates from the superconformal model (4.11) upon spontaneous breaking of a superconformal symmetry.
Phenomenology
For completeness, we should give here values of various parameters describing inflation in this class of models. This is a simple task, since they coincide with the parameters for the model λφ 4 /4 of a real scalar field, which can be found in [4] . The quartic coupling of the inflaton is λ = (1 + 6ξ) In [4] it was argued that the number of e-foldings in this model is close to 60 practically independently of the detailed theory of reheating. Indeed, equation of state of the oscillating inflaton field in the theory λφ 4 approximately coincides with the equation of state of relativistic particles produced during reheating, so the post-inflationary universe expands as √ t both before reheating and shortly after it. This would reduce the range of possible values of n s and r in this model to the single red line in Fig. 1, corresponding to N ≈ 60.
If we consider inflation in supergravity, then we have two different options to consider, which may lead to somewhat different value of N.
First of all, the inflaton field may belong to the visible sector, as in the Higgs inflation. In this case, reheating temperature is very high [28, 29] and gravitinos are excessively produced [12] . This is not necessarily a problem if gravitinos are superheavy, as is the case with some recent models of mini-split supersymmetry, see e.g. [30] and references therein.
However, if the field φ is not the Higgs field of the standard model, then it may be preferable to have inflation with the field φ belonging to the hidden sector. In this case, most of the particles produced during reheating will also belong to the hidden sector. Decay of these particles to matter in the visible sector is Planck mass suppressed, so it occurs with a large time delay; the reheating temperature is much smaller, which helps to solve the gravitino problem. Therefore the hidden sector particles produced during reheating may become non-relativistic and temporarily dominate the energy-density of the universe. As a result, the required number of e-foldings will be somewhat smaller than 60, as shown in Fig. 1 . This may allow one to distinguish between the theory where the inflaton belongs to the visible sector, such as the Higgs inflation scenario, and the theory based on supergravity where the inflaton may belong to the hidden sector. This is very similar to the difference between the predictions of perturbations [31] in the Starobinsky model [32] and in the Higgs inflation [6, [8] [9] [10] [11] [12] , as analyzed in [33] .
The difference between these two implementations can be studied observationally, even though it is not an easy task. For example, models of this type with ξ 1 predict n s ≈ 0.967 for N = 60 and n s ≈ 0.963 for N = 55. Both of these values are well inside the dark blue area in Fig. 1 , but the last one gives a slightly better fit to Planck data. In this respect, additional flexibility provided by the supergravity implementation of this scenario is quite welcome.
Discussion
The main goal of this paper was to explain basic principles of construction of a family of models which match observational predictions of the theory λφ 4 with non-minimal coupling to gravity ξ, while having an additional advantage of being a part of a theory with spontaneously broken conformal or superconformal invariance. The first of these two goals can be achieved in a theory of two complex fields, a conformon and an inflaton, as shown in Section 3. The second goal is achieved in the superconformal model described in Section 4; a Goldstino superfield S plays an important role there, in addition to a conformon and an inflaton. The bosonic part of the superconformal model coincides with the simplified conformal model when the Goldstino vanishes at the minimum of its potential, and the inflaton potential obtained from the superpotential |D S W | 2 is quartic in the inflaton.
Both of these models have the same inflaton potential as the simple conformally noninvariant model of a single real scalar field
However, now this model is embedded into a theory with spontaneously broken conformal or superconformal invariance. As we have seen, the possibility to embed the theory λ 4 φ 4 − ξ 2 φ 2 R into a theory with spontaneously broken conformal invariance with ξ = −1/6 is quite nontrivial. It was necessary to embed the original model of the real scalar field into a model of a complex scalar field of a very special type, or embed it into a closely related superconformal theory.
In the locally conformal or superconformal model underlying the At this point the Kähler potential of an embedding manifold, being non-flat, has an enhanced symmetry
where X 1 is a complex inflaton and X 0 is a complex conformon and the symmetry is mixing the inflaton X 1 with the conformon X 0 . For example, for ∆ cr = 1/6 and ξ re = 0 the symmetry is with Λ =Λ . In such case a small deviation of ξ re from zero together with stabilization of the imaginary part of the field to zero, lead to a ξ 2 φ 2 R − λφ 4 model where the inflaton is a real part of the complex scalar field.
Thus, in this paper we described in detail the superconformal version of the λφ 4 model, which appears to be a minimal deformation of a canonical superconformal supergravity model [12] . The inflationary model with one single parameter ξ derived from a model with spontaneous breaking of the superconformal symmetry has distinctive observational predictions. At ξ = 0 there is an enhanced symmetry of the embedding Kähler potential shown in eq. (6.2). This model therefore suggests an interesting example of the technical naturalness [34] where there is a dimensionless parameter ξ, such that when this parameter is zero, some symmetry of a system is restored. 5 The symmetry in our case is a particular symmetry between the inflaton and the conformon fields in the underlying superconformal theory. In supergravity, after the superconformal symmetry is broken spontaneously, this symmetry corresponds to a shift symmetry of the quadratic part of the Kähler potential, as one can see from (4.19) .
At the critical point at ξ = 0 this symmetry is unbroken, but the amplitude of tensor perturbations in the theory λφ 4 is too high; but when this symmetry is even very slightly broken, ξ ≥ 2 · 10 −3 , the cosmological predictions of this theory are in perfect agreement with Planck2013 results, as shown by the red stripe in Fig. 1 .
In the subsequent set of papers, we will discuss other versions of inflationary models based on conformal and superconformal symmetry, and on supergravity, including the ones described in [14] , [15] , [35] . A distinguishing feature of the ξ 2 φ 2 R − λφ 4 model is that superconformal symmetry is spontaneously broken there only by terms proportional to R, see eq. (4.18), which do not introduce any mass scale, do not affect masses of elementary particles, and become vanishingly small at the present stage of cosmological evolution.
A special feature of this model is that Φ and S do not interact with the conformon X 0 , their actions and equations of motion are conformally invariant. The total action consists of the gravity part However, the matter part (A.5) will still be superconformal. This means, in particular, that the energy-momentum tensor of Φ and S is traceless. Therefore such models do not support inflation and we have to break the SU (1, 2) symmetry of the Kähler manifold for our 3 superfields by introducing a parameter ∆ which makes it non-flat.
